Access of therapeutic biomolecules to cytoplasmic and nuclear targets is hampered by the inability of these molecules to cross biological membranes. Approaches to overcome this hurdle involve CPPs (cell-penetrating peptides) or protein transduction domains. Most of these require rather high concentrations to elicit cell-penetrating functionality, are non-human, pathogenderived or synthetic entities, and may therefore not be tolerated or even immunogenic. We identified novel human-protein-derived CPPs by a combination of in silico and experimental analyses: polycationic CPP candidates were identified in an in silico library of all 30-mer peptides of the human proteome. Of these peptides, 60 derived from extracellular proteins were evaluated experimentally. Cell viability and siRNA (small interfering RNA) transfection assays revealed that 20 out of the 60 peptides were functional. Three of these showed CPP functionality without interfering with cell viability. A peptide derived from human NRTN (neurturin), which contains an α-helix, performed the best in our screen and was uniformly taken up by cultured cells. Examples for payloads that can be delivered to the cytosol by the NRTN peptide include complexed siRNAs and both N-and C-terminally fused pro-apoptotic peptides.
INTRODUCTION
The hallmark of all life is compartmentalization. Genetic information as well as macromolecules such as proteins, peptides and carbohydrates are contained inside membranebound compartments. This thermodynamic barrier [1] not only prevents their loss to the outside world, but also allows cells to build-up gradients and tightly control trafficking of molecules. Macromolecules such as proteins and nucleic acids that are too big to cross cellular membranes require specialized transport systems like pores or vesicles [2, 3] to traverse membranes.
Although compartmentalization and impermeability of membranes is essential for life, it is the mayor obstacle for delivery of therapeutic macromolecules into the cytoplasm of cells. So far, the intracellular target space is solely addressed by low-molecularmass compounds that cross the cell membrane. The application of therapeutic macromolecules to this target space offers vast possibilities for the development of novel therapeutics.
To deliver macromolecules to the cytoplasm various approaches such as lipids [4] , viral carriers [5] or nanoparticles [6] are currently being evaluated. One class of substances that has gained interest for the delivery of biomolecules into cells in previous years are CPPs (cell-penetrating peptides) [7] . These peptides are taken up by cells, penetrate into their cytosol and have the ability to deliver payloads into these cells [8] .
CPPs are a heterogeneous group of peptides. Some are derived from viral proteins such as Tat [9, 10] and Rev [11] , others are part of venoms or toxins such as crotamin [12] or melittin [13] . Others have been designed in silico, such as stapled [14] or amphiphilic [15] peptides. Owing to their heterogeneity in sequence and structure, no common mode of action has so far been shown to account for their translocation. Cationic peptides are believed to enter cells by their interaction with proteoglycans on the surface of cells [16] , followed by macropinocytosis. Once taken up, the peptides are still inside membrane-bound compartments, essentially still 'outside' of the cell. How they cross this barrier is a matter of extensive debate and research. It has been proposed that they are either retrogradely transported to the ER (endoplasmic reticulum) where they escape via the translocation machinery [17] or that they directly translocate across membranes [18] .
Most CPPs, with few exceptions [19] , have one potential issue in common with regards to their therapeutic applications: they are not of human origin and thus might not be tolerated by the immune system [20, 21] . To minimize potential immunogenicity issues and identify non-pathogen-derived CPP modules, we searched the human proteome for peptide sequences with CPP functionality.
We applied an in silico procedure to identify CPPs in the human proteome that was based on a library of all 30-mer peptides. Our screen identified 20 out of 60 human peptides with either cytotoxicity and/or CPP functionality in cell-based assays. Three peptides did not display significant toxicity at concentrations sufficient for cell penetration and payload delivery, showing the applicability of our combined screen. Further analyses then focused on a peptide derived from the protein neurturin (termed NRTN). This peptide bound to cells, was internalized and delivered payloads into the cytoplasm. Experiments aimed at identifying the features of the peptide that are responsible for its activity indicate that an α-helix in combination with an argininerich stretch are required for functionality.
provided in the Supplementary section (at http://www.BiochemJ. org/bj/442/bj4420583add.htm).
Mammalian cell culture
MCF7 cells were seeded at a density of 15 000 cells per well in 96-well plates. The cells were incubated for 24 h at 37
• C, 5 % CO 2 and 85 % humidity in RPMI 1640 medium with 10 % FBS (fetal bovine serum) and L-glutamine. For functional assays, the cells were washed and incubated in Opti-MEM ® (Invitrogen). Complexes of siRNA (small interfering RNA) and peptides were formed by incubation of 100 nM siRNA with the indicated peptide concentrations in Opti-MEM ® for 30 min at room temperature (21
• C). The complexes were added to the cells and incubated for 3 h. Subsequently, the medium was replaced with normal growth medium. The cells were incubated for a further 21 h for the generation of bDNA (branched DNA) lysates or CellTiterGlo ® (Promega) assays. For analysis of toxic fusion peptides, the peptides were added to the cells in normal growth medium and incubated for 24 h prior to analysis with the CellTiter-Glo ® assay.
siRNA transfection screening
Complexes of peptides and siRNA oligonucleotides {AHA1 [activator of 90 kDa Hsp (heat-shock protein) ATPase homologue 1], AGUCAAAAUCCCCACUUGUTT; Luc (luciferase) CUUACGCUGAGUACUUCGATT} were formed in Opti-MEM ® and incubated for 15 min at room temperature. The cells were incubated in the presence of the complexes for 3 h in Opti-MEM ® . After a wash step, the cells were incubated for a further 21 or 45 h in normal growth medium. Thereafter, the levels of AHA1 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA were measured with a bDNA assay (Affymetrix).
bDNA analysis mRNA levels were quantified by bDNA assays according to the manufacturer's instructions (Affymetrix). To perform these assays, cells were seeded into 96-well plates and allowed to attach overnight. At 24 h after transfection, the cells were lysed and transferred on to a capture plate in the presence of a gene-specific probe set, followed by an overnight incubation at 53
• C. The plates were then incubated at 53
• C sequentially with an amplifier and an alkaline phosphatase-linked label probe. After a final wash step, the luminescent alkaline phosphatase substrate dioxitane was added for 30 min at 53
• C. The luminescence was detected using an InfiniteF200 luminescence reader (Tecan Austria)
CellTiter-Glo ® assays Cells were incubated for 48 h in the presence of peptides and siRNA. To measure the number of living cells, the CellTiterGlo ® Luminescent Cell Viability assay (Promega) was used according to the manufacturer's instructions. The cells were lysed and a luminescent signal proportional to the amount of ATP was generated. The 96-well plates were then analysed in an InfiniteF200 luminescence reader (Tecan Austria).
FACS analysis
Cells were detached by incubation in accutase for 15 min. After washing in FACS buffer (PBS containing 5 % FBS) the cells were seeded in a 96-well round-bottomed multi-well plate (Corning, catalogue number 3799) to a final density of 3×10 5 cells/ml. The cells were incubated in the presence of 1, 5 or 10 μM FITClabelled peptides in Opti-MEM ® for 3 h at 37
• C. The cells were then washed in FACS buffer and incubated in proteinase Kcontaining (0.02 mg/ml) buffer for 30 min at 37
• C. The cells were washed twice and analysed with the FACSCanto II (BD Biosciences).
Fluorescence microscopy
Cells were grown on glass coverslips to a density of 50-70 %. They were treated with 10 μM FITC-labelled peptides in Opti-MEM ® for 30 min at 37
• C. The cells were then washed twice with ice-cold growth medium containing FBS. Subsequently, the cells were washed twice with ice-cold PBS and fixed with paraformaldehyde. The DNA was labelled with DAPI (4 ,6-diamidino-2-phenylindole; Roche) at a concentration of 10 μg/ml. Samples were analysed with a Leica SP20 confocal microscope.
Bcl-2 binding assays
Nur77 (nuclear receptor subfamily 4 group A member 1 isoform 1)-fused or unmodified NRTN peptide was coupled to iodoacetyl beads (Pierce) according to the manufacturer's instructions. The beads were subsequently incubated with recombinant Bcl-2 (Calbiochem, catalogue number PF126) and washed with PBS containing 0.5 M NaCl, 0.025 M sodium azide and 0.05 % Tween 20 to remove unbound protein. Binding of Bcl-2 to the immobilized peptides was determined by eluting (pH 2.8) and transfer on to nitrocellulose membranes (Invitrogen), followed by detection with the MemCode Reversible Protein Stain kit (Pierce) according to the manufacturer's instructions.
CD spectroscopy
CD analysis was performed using a Jasco J715 Spectropolarimeter. The measurement was conducted from 260 to 195 nm with a data pitch of 0.1 nm and a bandwidth of 1 nm. The cell used had a length of 0.1 cm and the peptides measured were tested at a concentration of 0.1 mg/ml. To induce structure formation, TFE (trifluorethanol; Sigma) was added up to 50 % (v/v).
RESULTS

Bioinformatic identification of potential CPPs derived from extracellular human proteins
To identify peptides of human origin with CPP functionality, an in silico library that covers all human-protein-derived peptides was generated. Subsequently, various 'filtering' steps were applied to that library to define CPP candidates. The library was compiled from overlapping peptides derived from the SwissProt database. A window size of 30 amino acids was chosen and applied to all human SwissProt entries ( Figure 1 ). Peptides of this size have a higher probability of having secondary structure elements than 8-10-mers commonly used as CPPs. Secondary structures have been shown to be advantageous for cell penetration [22] , therefore selecting 30-mers should increase the chance to identify novel CPPs. The in silico library contained 10 459 557 individual peptides. Each of these peptides was linked to both source {sequence, source protein ID, position within the protein, GO (Gene Ontology) [23] annotations of the source protein} All human proteins were added with a description and GO annotation (A) and analysed with a sliding window of 30 amino acids (B). To identify putative CPPs, bioinformatic filters were applied (C): first, only peptides with ten or more positive charges were chosen; secondly, only extracellular proteins with low probability of immunogenicity were chosen.
and sequence information [amino acid composition, number of charges, IEP (isoelectric point) and hydrophobicity].
Many CPPs such as Tat, penetratin, Rev and poly-arginine are characterized by a high content of positively charged amino acids. Therefore a filter that removes all peptides with less than 30 % positive charged residues (arginine, histidine and lysine) was applied to enrich for cationic peptides. The resulting sub-library contained 227 307 individual cationic peptides.
A further filter was applied thereafter to select for peptides with a high probability of being immune-tolerated. This filter retained only peptides derived from secreted/extracellular proteins which are visible to the immune system. This step resulted in 8630 peptides from 583 individual proteins. From these 583 peptides from unique proteins, 60 were chosen for experimental evaluation (Supplementary Table S1 at http://www.BiochemJ.org/bj/442/bj4420583add.htm). Disulfide bridges were maintained in synthesis and single cysteine residues were changed to alanine.
Several control peptides were chosen for assay validation and benchmarking: Tat, Rev [11] , 10xArg [24] as the bona fide cationic peptide, truncated protamine [25] and MTS [26] as examples for CPPs derived from human proteins. All candidate and control peptides that were applied to experimental evaluation are listed in Supplementary Table S1, a dot-plot of their IEP and hydrophobicity (compared with 500 randomly chosen human peptides) is shown in Supplementary Figure S1 at http://www.BiochemJ.org/bj/442/bj4420583add.htm.
CPP identification by siRNA transfection screening
The challenge in screening for potent non-toxic CPPs is to find sensitive and robust assays that can differentiate CPP-mediated delivery from non-specific uptake, and detect growth inhibition or cell death caused by the peptides. We applied a screen for siRNA transfection [27, 28] . In contrast with tools frequently applied for CPP identification (fluorescent or cytotoxic entities with determination of cell-associated fluorescence or cytotoxicity), this screen met all requirements for CPP identification: RNAi (RNA interference) can only occur when the siRNA molecule is delivered into the cytoplasm and non-specific peptide-mediated toxicity can be identified given the knockdown of the target mRNA does not affect cell viability. Furthermore, mRNA knockdown can be determined by a sensitive and robust bDNA assay that allows measuring the mRNA of the targeted message against a reference mRNA to ensure specificity.
To screen the CPP candidates for their transfection ability, non-covalent charge-based complexation [29, 30] was used. For complexation with siRNA, an increasing concentration of peptides (1-20 μM) was added to 100 nM siRNA and incubated for 15 min. When the ability of selected peptides to form complexes with the siRNA molecules was analysed by electrophoretic mobility-shift assays, they were found to retard the mobility, dependent on the peptide concentration (Supplementary Figure  S2 at http://www.BiochemJ.org/bj/442/bj4420583add.htm). The siRNAs applied in the screen were targeting the Hsp90 cochaperone Aha1 (siAha1) [31] and firefly luciferase (siLuc) as a control. Addition of these siRNAs to cells without transfection reagents does not cause mRNA knockdown. Transfection of either siRNA using standard lipid-based transfection reagents did not interfere with cell viability, whereas siAha1 led to a significant reduction of AHA1 mRNA compared with a reference mRNA (Supplementary Figure  S3 at http://www.BiochemJ.org/bj/442/bj4420583add.htm). For screening, pre-formed siRNA-peptide complexes were added to cultured cells and mRNA levels were determined after 24 h of incubation.
As a measure for specific mRNA knockdown, AHA1 mRNA levels were determined relative to GAPDH in siAha1-and siLuc-transfected cells. The AHA1/GAPDH ratio of nontransfected control cells was set to 100 % (for each assay) and expressed as relative units for siAha1 or siLuc-transfected cells. For this normalized data set, the difference between siLuc and siAha1-transfected cells provided a readout for specific knockdown. An increasing difference reflects increasing efficacy of CPP-mediated transfection. The assay was validated using the selected control peptides as shown for Tat and 10xArg as an example (Supplementary Figure S4a at http://www.BiochemJ. org/bj/442/bj4420583add.htm).
GAPDH mRNA levels were also used as a readout for cytotoxic or growth inhibitory effects of the peptides. The CellTiterGlo ® assay showed that cytotoxicity correlated well with the reduction of overall GAPDH mRNA (Supplementary Figure S4b) . A reduction of GAPDH mRNA due to cytotoxicity furthermore influenced the AHA1/GAPDH ratio. Therefore these values were not informative for peptides with strong cytotoxic phenotypes, as indicated by dramatic decreases in GAPDH levels [shown, for example, for BPIL3 (BPI-fold-containing family B, member 6) in Figure 3b and Supplementary Figure S4b ]. Minor influences of the peptides on cellular viability did not interfere with the determination of AHA1/GAPDH.
Classification of peptides by transfection potency and growth inhibition
For each peptide, data pairs of the transfection value (normalized AHA1/GAPDH difference siAha1 compared with siLuc) and the viability value (normalized overall GAPDH mRNA levels) were collected. This information is compiled in Figure 2 , with transfection values indicated on the x-axis and viability values on All peptides analysed for their ability to transfect siRNA and cellular toxicity are plotted for their average GAPDH mRNA levels at 20 μM siRNA (y-axis, 'Toxicity') and the difference of AHA1/GAPDH for siLuc and siAha1 at 20 μM (x-axis, 'Transfection'). Threshold values for toxicity (<75 % average GAPDH content) and transfection (>18 %, Tat) are indicated by broken lines. Top left-hand section, 'non-functional' peptides; top right-hand section, 'transfecting' peptides; bottom left-hand section, 'toxic' peptides; bottom right-hand section, 'transfecting toxic' peptides. The inset shows toxic peptides outside of the range of the plotted area.
the y-axis. To classify peptide candidates, transfection mediated by the Tat peptide (Supplementary Figure S4a) was used to define a threshold for transfection potency: peptides with less transfection activity were rated as non-transfecting. Average measurements of 100 % to 75 % of GAPDH mRNA relative to the medium control were considered as not or moderately toxic, values of less than 75 % were considered toxic. On the basis of both cutoffs, four categories of peptides were defined. The 'non-functional' category (less transfection efficacy than Tat and no toxicity) was assigned to 41 out of the 61 screened humanprotein-derived peptides (Figure 2) . Two of the control peptides (crotamine and MTS) fell into this category. Figure 3(a) shows the phenotype of a peptide derived from the protein WNT16 (GenBank ® accession number Q9UBV4); the corresponding viability assay is shown in Supplementary Figure S4(b) . The 'toxic' category (less transfection activity than Tat and toxic) was assigned to 11 out of the 61 peptides ( Figure 2) . A peptide derived from BPIL3 (GenBank ® accession number Q8NFQ5) serves as an example ( Figure 3b) ; the corresponding viability assay is shown in Supplementary Figure S4(b) . Both AHA1 and GAPDH mRNA levels are affected similarly, independent of the siRNA used, explaining the abnormal AHA1/GAPDH values. The 'transfecting toxic' category (equal or higher transfection potency than Tat and toxicity) was assigned to five out of the 61 humanprotein-derived peptides (Figure 2 ). Figure 3 (c) shows a peptide derived from the CU025 protein (GenBank ® accession number Q9Y426) as an example for this peptide class.
The 'transfecting' category (equal or higher transfection potency than Tat without significant reduction of cell viability) was assigned to three out of the 61 peptides ( Figure 2 ). Four control peptides fell into this class (Tat, Rev, 10xArg and protamine). The three peptides are derived from CPXM2 (GenBank ® accession number Q8N436) (Figure 3d ), ASM3B (GenBank ® accession number Q92485) (Figure 3d ) and NRTN (GenBank ® accession number Q99748) (Figure 3e) . The NRTN peptide mediated effective reduction of AHA1 mRNA levels relative to GAPDH mRNA levels with only minor effects on cell viability (Figure 3e ). To examine the general applicability of the NRTN peptide for siRNA transfection and to exclude a sequence specific effect, a siRNA targeting Eg5 (kinesin-like protein KIF11) [32] was used analogous to siAha1. Using this siRNA, a specific reduction of the EG5 mRNA (Figure 3f ) was observed. On the basis of the finding that the NRTN peptide was the most potent peptide in siRNA transfection, it was chosen for further characterization.
Cellular uptake of the NRTN peptide does not require siRNA complexation
To investigate whether the candidate peptides act as universal or as a siRNA-restricted CPPs, N-terminally FITC-labelled peptides were analysed by FACS and microscopy. For all subsequent analyses, the NRTN peptide was used as the CPP example, the WNT16 peptide as a non-functional peptide and the Tat peptide as a control.
For determination of cellular uptake in FACS experiments, MCF7 cells were incubated in the presence of fluorescent peptides for 3 h at 37
• C and subsequently treated with proteinase K to remove surface-bound peptides. In agreement with previous studies, Tat bound to cells and was internalized ( To further study the cellular uptake of these peptides, fluorescence microscopy was applied. MCF7 cells grown on glass coverslips were incubated in 10 μM FITC-labelled peptides for 30 min, washed and fixed with paraformaldehyde. Consistent with the FACS analysis and previous studies, the Tat peptide was internalized under these circumstances (Figure 4b , lefthand panel). Using concentrations above 10 μM, nuclear staining was observed in a subpopulation of cells (Supplementary Figure  S5 at http://www.BiochemJ.org/bj/442/bj4420583add.htm). The WNT16 peptide did not give rise to a significant signal (Figure 4b , middle panel) as expected on the basis of its inability to transfect siRNA and give rise to a FACS signal. The NRTN peptide was efficiently taken up by the cells and localized to intracellular membrane-bound compartments (Figure 4b, right-hand panel) . This peptide showed a homogeneous staining patter throughout the entire cell population and over a wide range of concentrations.
Taken together, these data show that the NRTN peptide binds to cells and is internalized. Furthermore, the NRTN peptide does not require siRNA complexation to be functional.
NRTN peptide mediated intracellular delivery of an N-terminalfused Nur77 peptide
The internalization of the NRTN peptide shown by FACS and microscopy indicated that this peptide functions not only as a transfection reagent for siRNA molecules, but also as a CPP. However, due to limited sensitivity, crossing into the cytosol cannot be shown using fluorescence-based methods. To investigate whether the peptide possess 'classical' CPP functionality and is capable of mediating cellular uptake of payloads, biologically active peptides were fused to NRTN.
One such peptidic payload was a Nur77-derived peptide that interacts with Bcl-2 and converts it into a pro-apoptotic factor [33] . The Nur77 peptide itself cannot cross cell membranes and is therefore not cytotoxic upon external administration. It has to In all cases, viability is expressed as the fold change against the medium control. All transfection values are relative to the medium control. mRNA levels at 1 μM were set to 100 % to show dose-dependent effects. siAha1 is shown as black filled squares and siLuc is shown as non-filled circles. (f) Analysis of NRTN as a transfecting peptide for an siRNA targeting Eg5. The EG5/GAPDH ratio is shown. All transfection values are relative to the medium control. mRNA values obtained at 1 μM were set to 100 % to show dose-dependent effects. Eg5 siRNA is shown as black filled squares and siLuc is shown as non-filled circles.
be combined with a CPP to reach its mitochondrial membraneassociated target Bcl-2. A hybrid sequence containing Nur77 at the N-terminus that extended into the NRTN peptide at the Cterminus was designed (Nur-NRTN, Figure 5a ). The point of fusion of the two peptides was defined within a stretch with sequence similarity between both peptides (Figure 5a ). The fusion peptide retained Bcl-2 binding functionality. Bcl-2 pull-down experiments showed that Nur-NRTN, but not the NRTN peptide, was able to bind recombinant Bcl-2 (Figure 5b ). Additional control peptides that were generated included a fusion of Nur77 to the WNT16 peptide, and a fusion of NRTN to an inactive version (Nur-In-NRTN) of the Nur77 peptide [33] (Figure 5a ). 
NRTN peptide-mediated intracellular delivery of a C-terminal fused 4EBP1 peptide
Another payload applied to evaluate NRTN-mediated cytoplasmic delivery was a 4E-BP1 [eIF4E (eukaryotic translation initiation factor 4E)-binding protein 1]-derived peptide called 4EBP1 [34, 35] . This peptide interferes with the translation initiation by eIF4E and induces apoptosis in cancer cells. The 4EBP1 peptide itself cannot cross cell membranes and is therefore not cytotoxic upon external administration. It has to be combined with CPPs, such as Tat or penetratin, to cross cell membranes and induce cell death. To evaluate whether the fusion position is of importance for the CPP functionality of the NRTN peptide, the 4EBP1 peptide (Figure 6a ) as well as an inactive version of 4EBP1 (4EBP1-In) [35] , were added to its C-terminus (in contrast with Nur77 which replaced the N-terminal part of NRTN). A C-terminal fusion of 4EBP1 to the WNT16 peptide served as an additional control.
When applied to MCF7 cells, neither the NRTN peptide nor the 4EBP1 peptide showed significant cytotoxicity (Figure 6b,  left-hand panel) . In contrast, the NRTN-4EBP1 fusion peptide mediated a significant dose-dependent reduction of cell viability Taken together, these results show that non-cell-permeable peptides can enter cells and elicit intracellular activity when they are fused to the NRTN peptide. This finding demonstrates that the activity of the NRTN peptide is not restricted to the delivery of siRNA payload. Furthermore, the results indicate that the NRTNderived sequences can be altered at both the N-and C-terminus and still retain CPP functionality.
The NRTN peptide has a helical structure element CPPs frequently contain secondary structural elements, in particular α-helices [22, 36] . The NRTN peptide is derived from neurturin [37] , which is closely related to GDNF (glial-derived neurotrophic factor; GenBank ® accession number CAG46721) and ARTN (artemin; GenBank ® accession number AAD13110). The crystal structures of both of these proteins have been solved [38, 39] . An alignment of neurturin, ARTN and GDNF shows the NRTN peptide covering stretch of neurturin holds an α-helix in both homologue sequences (Figure 7a and Supplementary Figure  S6 at http://www.BiochemJ.org/bj/442/bj4420583add.htm).
To examine the NRTN peptide for the presence of secondary structural elements, UV-CD spectroscopy was applied. In buffer containing TFE, which stabilizes and induces formation of secondary structures [40] , helical elements were observed (minima at 208 and 222 nm) (Figure 7b, left-hand panel) . The wellcharacterized α-helical FALL peptide (Supplementary Figure . In all cases, the cells were then analysed using a CellTiter-Glo ® assay. Viability is expressed as the fold change over the medium control. -hand panel) . In all cases, the cells were analysed using a CellTiter-Glo ® assay. Viability is expressed as the fold change over the medium control. In all cases, the cells were then analysed using a CellTiter-Glo ® assay. Viability is expressed as the fold change over the medium control. S4b) [41] showed a similar behaviour (Supplementary Figure  S7 at http://www.BiochemJ.org/bj/442/bj4420583add.htm). In contrast, the 'non-functional' WNT16 peptide adopted a random coil conformation (Figure 7b, right-hand panel) under all conditions. These data seem to point to the fact that helical elements are required for CPP functionality.
To analyse whether the presence of a helical portion is sufficient for CPP activity, fusions of the sequence stretches of ARTN and GDNF (Figure 7a ) with the toxic Nur77 and 4EBP1 peptides were generated. Application of these fusion peptides to MCF7 cells showed that neither the ARTN-nor GDNF-derived peptides had significant CPP functionality (Figure 7c ). Thus CPP functionality is a specific feature of the NRTN peptide sequence.
Determinants of the CPP activity of NRTN
To further address the influence of helical components and of adjacent amino acids on CPP functionality, various Nur-NRTN or NTRN-4EBP1 derivatives were generated and analysed. In these assays, reduction of viability indicates CPP-mediated delivery of the toxic fusion peptides. In contrast, lack of cytotoxicity reflects loss of CPP functionality. C-terminal deletions were assessed with Nur77-fusion peptides (Figure 8a ) and N-terminal deletions were characterized with 4EBP1 fusions (Figure 8b ). Deletions of both the N-and C-terminus were examined using 4EBP1 fusions (Figure 8c) .
The evaluation of the deletion variants revealed that the Cterminal arginine-rich sequence is required for the CPP function. Deletions of four or seven amino acids led to reduced activity, whereas deletions extending into the helical portion resulted in a complete loss of activity (Figure 8a ). Complementary analyses of N-terminal deletions (Figure 8b) showed that up to 13 amino acids (only one arginine residue removed), even extending into the helical portion, are dispensable for CPP activity. The combination of both N-and C-terminal deletions (Figure 8c) showed a drastic reduction in the CPP activity, consistent with the effects observed upon deletions of the C-terminus. The helical portion alone did not show CPP activity when combined with the 4EBP1 peptide. These data confirm that the helical region by itself is not sufficient for CPP functionality. Flanking sequences, especially the cationic C-terminus, are also important.
Cationic CPPs bind sulfated proteoglycans [42, 43] , a feature that appears to be required for initial cell attachment. Neurturin solid line) , or in the presence of 5 μg/ml (black circles, solid line) or 50 μg/ml (white circles, broken line) heparin for 24 h. (e) MCF7 cells were incubated in the indicated concentration of Nur-NRTN with one (black circles, solid line), two (black squares, solid line) or three (white circles, broken line) alanine residues (bold and underlined) in the proposed proteoglycan binding motifs (*) for 24 h. In all cases, the cells were then analysed using a CellTiter-Glo ® assay. Viability is expressed as the fold change over the medium control.
requires binding to sulfated proteoglycans for signalling [44] . It has been proposed to interact with proteoglycans via the argininerich binding motif [45] which is contained within the NRTN peptide (Figure 7a, asterisks) . To investigate the involvement of proteoglycan binding for the CPP function of the NRTN peptide, heparin was used to block proteoglycan binding. The addition of heparin interfered with the CPP-mediated cytotoxic activity of Nur-NRTN in a dose-dependent manner (Figure 8d ), up to complete blockage at concentrations of 50 μg/ml. To further investigate proteoglycan binding, arginine residues in the proposed binding motifs were replaced by alanine residues (Figure 8e ). Cell viability assays showed that the activity of Nur-NRTN was strongly reduced by introduction of these mutations (Figure 8e ). Thus binding to sulfated proteoglycans appears to be a feature of the NRTN peptide which is important for its CPP functionality.
DISCUSSION
We applied an in silico procedure based on a library of all 30-mer peptides to identify CPPs in the human proteome. These peptides are larger than most CPPs that are commonly approximately 8-12 amino acids in length. The peptides used in the present study are derived from human proteins, meaning they have been selected by evolution to fold into structures. Therefore they have a higher probability to contain secondary structures than random peptides. Secondary structures have been shown to be advantageous for cell penetration [22] . A peptide of 30 amino acids can easily harbour an α-helix with the average length being approximately 12 amino acids [46] . Furthermore, the length of membrane-spanning helices is usually longer than 20 amino acids [47] . Peptides exceeding the minimum required length to span the lipid bilayer might therefore have superior membrane-penetrating properties.
Our screen identified 20 out of 60 human cationic extracellular peptides with either cytotoxicity and/or CPP functionality in cellbased assays. This functionality is not simply due to positive charges, as the 40 non-functional peptides were also cationic. Thus cell binding and uptake, as well as activity, appear to be sequence-and potentially structure-specific.
Most of the identified functional peptides were cytotoxic. Antimicrobial peptides (BPIL3 and FALL) also fell into this group. These peptides interfere with the membrane integrity of pathogens, and are toxic to mammalian cells at high concentrations. One explanation for the toxicity of these peptides might be that they are 'too active' CPPs that cause 'holes' in the plasma membrane. Plasma membrane repair mechanisms that might be involved in CPP uptake [48] could explain their partial functionality in siRNA transfection by secondary passive uptake of the nucleic acids. These peptides may be useful as toxic moieties for targeted tumour therapy. However, since our objective was the identification of peptides with CPP functionality at nontoxic doses, cytotoxic peptides were not further addressed.
The identification of three 'functional' peptides proves the applicability of our combined screen, in particular considering the fact that most control peptides fell into this category. These peptides showed evidence for CPP functionality (initially assayed via siRNA transfection) at non-toxic concentrations with some minor effects on cell viability at high concentrations exceeding 10 μM.
Further analyses then focused on the NRTN peptide which consistently showed the highest activity in siRNA transfection. This peptide not only transfects siRNA, it also shows other CPP features. This includes cell-surface binding, internalization and delivery of payloads into the cytoplasm of cells. Experiments aimed at identifying the features of the peptide that are responsible for its functionality point to an α-helix in combination with an arginine-rich stretch. Neurturin is closely related to GDNF and ARTN, both of which contain an α-helix in sequence sections that are homologous with the NRTN peptide. CD analyses confirmed the presence of a helical component in the NRTN peptide. The helix was observed after TFE addition, which leads to the formation of a more hydrophobic environment. Induction of helix formation upon interaction with the hydrophobic membrane might thus favour the membrane interaction/association of the peptide. On the basis of the primary sequence, the helix appears to be of both primary and secondary amphipathic nature. Amphipathic peptides were shown to bind to and disturb the integrity of model membranes at concentrations lower than only cationic ones [49] . Furthermore, they have been proposed to form transmembrane pores [50] . Therefore the presence of an amphipathic helix might help to explain the superior activity of the NRTN peptide. Deletion analyses revealed that the helix can be truncated without significant reduction of CPP activity. It has to be noted, however, that the NRTN-4EBP1 fusion peptide might harbour two helices, one in NRTN and the second within 4EBP1 (Supplementary Figure S8 at http://www.BiochemJ.org/ bj/442/bj4420583add.htm). This second helix might compensate for the loss of helicity in the truncated NRTN sequence. On the other hand, deletions of the cationic sequences C-terminal of the helix gradually reduced the functionality of the peptide. This confirms that, in addition to helical composition, this arginine-rich sequence is important for CPP functionality. One contribution of the C-terminal sequence might be the interaction with sulfated proteoglycans, a feature that is relevant for the activity of cationic CPPs [42, 43] . GDNF, ARTN and neurturin require sulfated proteoglycans for efficient signalling [51, 52] . The proposed proteoglycan-binding motif of neurturin lies within the NRTN peptide's arginine-rich C-terminus [45] . The relevance of proteoglycan binding for the activity of the NRTN peptide is highlighted by the observation that it does not penetrate cells when it is either blocked by heparin competition or by the introduction of mutations into the binding site. Throughout the literature, there are three parameters that are associated with the activity of cationic CPPs: helicity, amphipathicity and the ability to bind to sulfated proteoglycans. The findings in the present study on the NRTN peptide are therefore in agreement with previous reports on the mechanism-of-action cationic CPPs.
Taken together, the results of the present study show that screening the human proteome with a filter as simplistic as 30 % or more positively charged amino acids can be used to identify CPPs. A next step could be the incorporation of algorithms that are based on published CPP sequences [53] in a human proteome peptide library to potentially achieve a higher hit rate. The peptides that we have identified have a key advantage for application as part of therapeutically active biomolecules: as they are derived from human extracellular proteins, the immune system should be tolerant to them. They may therefore be less immunogenic than the pathogen-derived entities traditionally used. One potential disadvantage of our larger peptides with respect to their potential immunogenicity is the fact that smaller peptides can escape the presentation by MHC-II, which prefers peptides between 15 and 24 residues in length [54] . Therefore it will be useful to identify the minimal required sequences to avoid this potential pitfall.
Peptide syntheses were performed according to established protocols (FastMoc 0.25 mmol) in an automated Applied Biosystems ABI 433A peptide synthesizer using Fmoc chemistry. In iterative cycles, the peptide sequences were assembled by sequential coupling of the corresponding Fmoc amino acids. In every coupling step, the N-terminal Fmoc group was removed by treatment of the resin (2.5 min) with 20 % piperidine in NMP (N-methyl pyrrolidone). Couplings were carried out using Fmoc-protected amino acids (1 mmol) activated by HBTU [2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate]/HOBt (1-hydroxybenzotriazole) (1 mmol each) and DIPEA (di-isopropylethylamine) (2 mmol) in DMF (dimethylformamide) (45-60 min vortex mixing). After every coupling step, unreacted amino groups were capped by treatment with a mixture of Ac2O (0.5 M), DIPEA (0.125 M) and HOBt (0.015 M) in NMP (10 min vortex mixing). Between each step, the resin was extensively washed with NMP and DMF. Incorporation of sterically hindered amino acids was accomplished in automated double couplings. For this purpose, the resin was treated twice with 1 mmol of the activated building block without a capping step inbetween coupling cycles. Upon completion of the target sequences, Fmoc-12-amino-4,7,10-trioxadodecanoic acid (TEGspacer) was coupled to the peptides using standard amino acid coupling conditions. Subsequently, Fmoc-Cys(Trt)-OH was attached to the N-terminus of all peptide sequences. After final Fmoc deprotection, the peptide resin was placed into a filter frit and treated with a mixture of TFA (trifluoroacetic acid), water and tri-isopropylsilane (19:0.5:0.5) for 2.5 h. The cleavage solution was filtered and the peptides were precipitated by addition of cold (0 • C) di-isopropyl ether (300 ml) to furnish a colourless solid, which was repeatedly washed with di-isopropyl ether. The crude product was re-dissolved in a mixture of acetic acid/water, freezedried and subsequently purified by preparative reversed-phase HPLC employing an acetonitrile/water gradient containing 0.1 % TFA (Merck Cromolith prep RP-18e column, 100 mm×25 mm).
Figure S1 Hydrophobicity against IEP plot of 500 peptides
For analysis, 500 random peptides from the selection of 10.5×10 6 human 30-mer peptides were plotted for their hydrophobicity against their IEP. The control peptides Tat, 10xArg, Rev and protamine (non-filled squares) were added. Non-toxic and non-transfecting peptides are depicted as black dots, transfecting toxic peptides are depicted as blue dots, toxic peptides are depicted as red dots and non-toxic transfecting peptides are depicted as green dots.
Figure S2 Gel-shift analysis of selected peptides
To show the complex formation of the peptides Tat (a), NRTN (b) and WNT16 (d), 500 μg of siRNA duplex were incubated with the indicated molar ratio of peptide to nucleic acid for 1 h at 37 • C and analysed by loading the complexes on to a 2.5 % agarose gel with ethidium bromide and running the gel for 40 min at 125 V. This analysis shows complex formation between siRNA and Tat, NRTN and WNT16 respectively. To demonstrate that NRTN-complexed siRNA is not accessible to ethidium bromide, the complex was incubated in the presence and absence of 1 μg proteinase k (PK) (c) to digest the NRTN peptide.
Figure S3 Transfection of Aha1 and luciferase siRNA
To show the silencing competency of the Aha1-(siAha1) and luciferase-(siLuc) targeting siRNA molecules, 10 nM of siRNA were transfected in 15 000 MCF7 cells per well of a 96-well plate using Dharmafect (Dharmacon) according to the manufacturer's instructions. The cells were incubated for a further 24 h. Subsequently, the mRNA levels of AHA1 and GAPDH were determined and specific knockdown was expressed as an AHA1/GAPDH ratio (top). In parallel, the viability of the cells was determined 24 h post transfection using a CellTiter-Glo assay according to the manufacturer's instructions (bottom). 
Figure S8 Modelled structures of NRTN fusion peptides
The NRTN model (top) was generated by fitting the NRTN sequence into the corresponding GDNF and ARTN structures. The proposed Nur-NRTN structure was generated by threading the Nur77 helix into the NRTN model at a sequence stretch with high sequence similarity between Nur and NRTN. NRTN-4EBP1 was generated by attaching the 4EBP1 structure to the C-terminal end of the NRTN model. The orientation at the fusion to 4EBP1 is arbitrary (probably unstructured) since neither fusion partner by itself revealed significant structural determinants at the position of fusion.
